There has been growing evidence for extensive diversity of alternative splicing in human populations. Genetic variants within the 5 ′ splice site can cause splicing differences among human individuals and constitute an important class of human disease mutations. In this study, we explored whether natural variations of splicing could reveal important signals of 5 ′ splice site recognition. In seven lymphoblastoid cell lines of Asian, European and African ancestry, we identified 1174 single nucleotide polymorphisms (SNPs) within the consensus 5 ′ splice site. We selected 129 SNPs predicted to significantly alter the splice site activity, and quantitatively examined their splicing impact in the seven individuals. Surprisingly, outside of the essential GT dinucleotide position, only ∼14% of the tested SNPs altered splicing. Bioinformatic and minigene analyses identified signals that could modify the impact of 5 ′ splice site polymorphisms, most notably a strong 3 ′ splice site and the presence of intronic motifs downstream of the 5 ′ splice site. Strikingly, we found that the poly-G run, a known intronic splicing enhancer, was the most significantly enriched motif downstream of exons unaffected by 5 ′ splice site SNPs. In TRIM62, the upstream 3 ′ splice site and downstream intronic poly-G runs functioned redundantly to protect an exon from its 5 ′ splice site polymorphism. Collectively, our study reveals widespread context-dependent robustness to 5 ′ splice site polymorphisms in human transcriptomes. Consequently, certain exons are more susceptible to 5 ′ splice site mutations. Additionally, our work demonstrates that genetic diversity of alternative splicing can provide significant insights into the splicing code of mammalian cells.
INTRODUCTION
Alternative splicing is a prevalent mechanism of posttranscriptional gene regulation in multicellular eukaryotes. It allows a single gene to increase its functional and regulatory diversity, through the synthesis of multiple mRNA isoforms encoding structurally and functionally distinct protein products (1) . High-throughput RNA sequencing reveals that over 90% of multi-exon genes in mammalian genomes undergo alternative splicing (2, 3) . The strikingly high frequency of alternative splicing underscores its contribution to the organismal complexity of higher eukaryotes.
The fidelity of splicing is tightly regulated by interactions between cis elements in exons and flanking introns and trans splicing regulators that recognize these elements (4, 5) . Disruption of normal splicing regulation, even a shift in the ratio of mRNA isoforms of the same gene sometimes can have major functional consequences and cause human diseases (6 -8) . The most conserved features of exon recognition are splice site signals known as the 5 ′ splice site (donor site) and the 3 ′ splice site (acceptor site). The splice sites define the boundaries between exons and introns, at which the spliceosome must assemble. Importantly, the recognition of the 5 ′ splice sites (i.e. the donor sites) represents the first and a critical step of spliceosome assembly (9) . The vast majority (.99%) of 5 ′ splice sites in eukaryotic genomes are characterized by a highly conserved 'GT' dinucleotide in the intronic region immediately adjacent to the exon-intron boundaries (10 -12) . There are several additional conserved but degenerate nucleotide positions in the exonic and intronic regions surrounding the GT dinucleotide, which are part of the consensus 5 ′ splice site signal (12, 13) . Numerous disease-causing mutations within the consensus 5 ′ splice site disrupt splicing, leading to defective mRNA and protein products (14 -16) . † These authors contributed equally to this study. * To whom correspondence should be addressed. Tel: +1 3193843099; Fax: +1 3193843150; Email: yi-xing@uiowa.edu # The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com However, there are also a large number of polymorphisms in the 5 ′ splice site with no effect on splicing (16) . Given the prevalence of aberrant alternative splicing in human diseases, it is critical to obtain an improved understanding of the signals that determine the splicing impact of 5 ′ splice site mutations. Such knowledge could aid in the identification of pathogenic mutations among neutral variants in large-scale medical sequencing projects.
In recent years, there has been growing evidence for widespread natural variations of alternative splicing in humans (17) (18) (19) (20) (21) (22) (23) (24) . Single nucleotide polymorphisms (SNPs) are the major contributor of splicing variations in human populations (25) . For example, an intronic SNP (rs3812718) in SCN1A, which encodes a neuronal sodium-channel alpha subunit, modulates the alternative splicing of its exon 5 and affects the dose-response to antiepileptic drugs (26) . Another example is the low-density lipoproteins receptor (LDLR), in which a SNP (rs688) promotes skipping of its exon 12 in the liver of women (27) . This exon skipping form is predicted to produce a truncated protein product lacking the transmembrane segment. Importantly, this SNP is strongly associated with an increased level of total and LDL-cholesterol in females especially in pre-menopausal women (27) . Using high-density exon arrays or high-throughput RNA sequencing, several groups have performed genome-scale surveys of splicing differences among human individuals (17 -19,21 -23) . For example, using the Affymetrix exon 1.0 array, Kwan et al. (18) examined alternative splicing patterns in lymphoblastoid cell lines (LCLs) of 57 unrelated HapMap CEU individuals. They identified 177 genes whose transcript isoform compositions (owing to alternative splicing, alternative promoter usage and alternative polyadenylation) correlated strongly with surrounding SNPs. Using a similar approach, Heinzen et al. (21) identified 80 high-confidence associations between SNP and alternative splicing in cortical brain samples and peripheral blood mononuclear cell samples.
In this study, we explored whether natural variations of alternative splicing among human individuals could reveal important signals of 5 ′ splice site recognition. In a panel of seven LCLs of Asian, European and African ancestry, for which extensive genotyping data were collected by the International HapMap project (28) and a recent genome-wide exome sequencing study (29) , we identified 1174 SNPs within the consensus 5 ′ splice site (three exonic nucleotides and six intronic nucleotides surrounding the exon -intron boundary) (13) . We selected 129 SNPs predicted to significantly alter the 5 ′ splice site activity according to the consensus splice site model in MAXENT (13) , and examined their impacts on exon splicing using a fluorescently labeled RT -PCR assay. SNPs that disrupted the GT dinucleotide immediately downstream of the exon always altered splicing, consistent with the essential role of the GT dinucleotide in 5 ′ splice site recognition. Surprisingly, outside of the almost invariable GT dinucleotide, only 14% of tested SNPs affected splicing, while the vast majority ( 86%) of tested exons were unaffected by the 5 ′ splice site SNPs. Bioinformatic analysis identified signals that could modify the splicing impact of 5 ′ splice site polymorphisms, most notably a strong 3 ′ splice site upstream of the exon and the presence of particular intronic sequence motifs downstream of the 5 ′ splice site.
The activity of these predicted sequence features was experimentally confirmed by minigene splicing reporter experiments. In an exon of TRIM62, the upstream 3 ′ splice site and poly-G runs in the downstream intron functioned redundantly to protect an exon from its 5 ′ splice site polymorphism. Collectively, our study provides genomic and experimental evidence for widespread context-dependent robustness to 5 ′ splice site polymorphisms in human transcriptomes.
RESULTS
Quantitative splicing analysis in seven human transcriptomes reveals widespread robustness to 5 ′ splice site polymorphisms
To identify 5
′ splice site polymorphisms that may cause splicing differences among human individuals, we analyzed seven HapMap LCLs of Asian, European and African ancestry (Table S1 ). For these seven cell lines, extensive genotyping data were already collected by the International HapMap project (28) as well as a recent exome sequencing study using the targeted capture technology (29) . In total, we identified 1174 SNPs (single base nucleotide substitutions only) within the nine nucleotides of the 5 ′ splice site among these seven individuals. Of these 1174 SNPs, 631 (53.7%) were supported by the HapMap data alone (Phase II + III), 293 (25.0%) were supported by the exome sequencing data alone and 250 (21.3%) were supported by both data sets. Ninety-five SNPs were located within the highly conserved GT dinucleotide. For the other 1079 SNPs outside of the GT dinucleotide position, we scored the 5 ′ splice sites of the major and minor alleles using the splice site model in MAXENT (13) . MAXENT is a widely used computational tool for splice site analysis, which considers the dependencies among adjacent and nonadjacent nucleotide positions to evaluate the strength of 5 ′ splice sites (13) . A higher MAXENT score indicates a stronger 5 ′ splice site. Among the 5 ′ splice site SNPs that kept the GT dinucleotide intact, 334 (30.9%) SNPs resulted in a difference of the MAXENT score of at least 2 ( Fig. S1 ), representing a 4-fold reduction in the likelihood odds ratio of matching to the MAXENT 5 ′ splice site model. From these 334 SNPs, we removed exons in genes lowly expressed in LCLs (according to Affymetrix exon 1.0 array data, see Materials and Methods) (30, 31) . To facilitate RT-PCR primer design and analysis, we restricted our study to internal spliced exons no longer than 250 bp and flanked by constitutive exons. One hundred and fifteen exons remained after these selection steps. Additionally, we selected 14 exons whose GT dinucleotide was disrupted by SNPs for RT-PCR analysis. The entire procedure of our SNP analysis and exon selection is outlined in Figure 1 .
In order to determine which candidate 5 ′ splice site SNPs affected splicing, we used a fluorescently labeled RT -PCR assay to measure the exon inclusion levels of all 129 candidate exons in the seven individuals. Of the 129 tested exons, 40 were in genes without any detected band, indicating that the genes were lowly expressed or not expressed in LCLs. Another five tested exons were completely skipped in all seven individuals. We focused on the remaining 84 exons which were spliced into transcripts in at least one of the seven individuals (see Supplementary Material, Table S2 for  RT-PCR gel pictures and Table S3 for primers). We identified 18 exons with a strong association between the genotypes of the 5 ′ splice site and the splicing patterns in seven individuals ( Table 1 ). The predominant effect of SNPs on splicing in these 18 exons was exon skipping. For example, in exon 2 of HMSD (NM_001123366.1), we identified a G-to-A SNP (rs9945924) in +5 intronic position of the 5 ′ splice site (Table 1) , which reduced the splice site score from 10.65 to 7.79. This exon was 100% included in the individual homozygous for the G allele. In contrast, its exon inclusion level was only 2% in the three individuals homozygous for the A allele. In the three individuals heterozygous for the G/A alleles, the exon had an intermediate inclusion level (33 -38%) (Fig. 2A) . Similarly, in exon 19 of WDR67 (NM_145647.3), a G-to-T SNP (rs10101626) disrupted the GT dinucleotide. While the three individuals homozygous for the G allele had a high exon inclusion level of 52 -78%, the individual homozygous for the T allele showed complete skipping of the exon. The individuals heterozygous for the G/T alleles had intermediate exon inclusion levels (27 -28%) (Fig. 2B) . We also found cases where the SNPs resulted in activation of adjacent cryptic 5 ′ splice sites. For example, in exon 23 of PLD2 (NM_002663.3), an exonic A-to-G SNP (rs3764897) decreased the splice site score from 7.10 to 2.04. In the individual homozygous for the A allele, 100% of the transcripts utilized the canonical 5 ′ splice site. In contrast, in individuals homozygous for the G allele, only 73 -80% of the transcripts utilized the canonical splice site. The remaining transcripts (20 -27%) utilized an alternative cryptic 5 ′ splice site within the exon. In the heterozygous individuals, the canonical splice site was used at a frequency of 89 -93% (Fig. 2C) . A similar pattern was found for exon 5 of RCC2 (NM_001136204.1), in which a T-to-G SNP disrupted the GT dinucleotide and caused the activation of an intronic cryptic 5 ′ splice site (Fig. 2D ). This SNP was a novel SNP identified by exome sequencing (29) . For all 18 exons in which the SNPs caused splicing differences among individuals, the direction of change in the 5 ′ splice site score was always consistent with the shift in exon inclusion levels between different genotypes. To confirm that these SNPs were causal for the observed splicing differences, we randomly selected five exons from BC039374, TDG, CAST, DHRS1 and BC086863 for minigene experiments using the pI-11-H3 minigene reporter (32) (see Fig. 3A and Materials and Methods). In all five exons tested, the direction of splicing changes after introducing the SNP to the minigene construct was consistent with the endogenous exon splicing pattern observed in the LCLs of seven individuals (see Supplementary Material, Table S2 for endogenous splicing patterns and Fig. S2 for minigene splicing patterns).
In general, the 18 SNPs that affected splicing were located in evolutionarily constrained sites in the human genome and had low derived allele frequencies (DAFs). First, to assess the evolutionary conservation of these SNP sites, we obtained their rejected substitution (RS) scores as calculated by the Genomic Evolutionary Rate Profiling (GERP) algorithm on the UCSC 44-way genome alignments (33, 34 ). An RS score of .2 is commonly used as the indication of evolutionary conservation (34) . Of the 18 SNP sites, 12 had a sufficient number of aligned species for calculating the RS score. All 12 SNP sites had an RS score of .2 with an average score of 4.591, indicating that these SNPs were located at evolutionarily constrained sites. As expected, SNP sites within the GT dinucleotide had even higher RS scores (4.976 on average). Secondly, to estimate the DAF of these 18 SNP sites, we determined the ancestral status of each SNP based on the alignments of human, chimpanzee, orangutan and rhesus macaque genomes as in (35) . We calculated the DAF of each SNP using the genotype data in the African (YRI), European (CEU) and Asian (ASN) populations from the pilot 1 study of the 1000 Genomes Project (35) . As seen in Table 1 , most SNPs had a DAF of ,0.5 in all three populations. Three SNPs had a DAF of .0.5 in at least one population, including one SNP (rs3764897) in PLD2 with a DAF of .0.5 in all three populations. SNPs within the GT dinucleotide had particularly low DAFs. This result suggests that most of these 18 SNPs that affect splicing are either under strong purifying selection or evolutionarily too young to reach a high DAF in any population. Finally, we computed unbiased estimates of population differentiation statistic Fst averaged across the YRI, CEU and ASN populations (36, 37) . None of these 18 SNPs had a high Fst value (e.g. .0.5). The SNP rs17035056 in TDG appeared to be Asian-specific (see Table 1 ) and had the highest Fst (0.311) among the 18 SNPs. Additional tests for the reduction of SNP heterozygosity (38) or Fay and Wu's H statistic (39) also did not reveal convincing evidence of positive selection on these SNPs (data not shown). Nonetheless, despite the lack of detectable signatures of positive selection, some of these SNPs might have important functional impacts. A known example is the alternative splicing of HMSD resulting from the intronic SNP rs9945924 ( Fig. 2A) . The exon skipping isoform of HMSD produces a novel minor histocompatibility antigen, which has been proposed as a potential target for immunotherapy (40) .
Among the 84 tested exons which were spliced in the seven LCLs, seven had SNPs disrupting the highly conserved GT dinucleotide. All seven SNPs affected exon splicing, consistent with the essential role of the GT dinucleotide in 5 ′ splice site recognition. In contrast, outside of the highly conserved GT dinucleotide, only 11 exons (out of 77 tested, 14.3%) showed splicing differences among individuals as caused by the SNP (Fig. 1 and Table 1 ). The remaining 66 exons (85.7%) did not show any difference in exon inclusion levels among the seven individuals. These results revealed widespread robustness of the splicing machinery to 5 ′ splice site polymorphisms.
Bioinformatic and experimental analyses indicate context-dependent robustness to 5
′ splice site polymorphisms
We set out to investigate why certain exons were robust toward 5
′ splice site polymorphisms. For the following analysis, we focused on the 77 exons whose SNPs kept the GT dinucleotide intact (Fig. 1) . From the 11 exons whose splicing patterns were altered by SNPs, we removed a PLD2 exon in which the SNP caused activation of an adjacent cryptic 5 ′ splice site, and compiled a final group of 10 exons in which the SNP affected the inclusion/skipping of the entire exon. We referred to these exons as the 'splicing affected' group. Similarly, from the 66 exons whose splicing patterns were not altered by SNPs, we removed 4 exons which were annotated as having alternative 5 ′ splice sites by the UCSC Genome database (41) and compiled a group of 62 'splicing unaffected' exons.
Our analysis of the 'splicing affected' and 'splicing unaffected' groups suggests that the 5 ′ splice site itself could not explain the observed robustness to 5 ′ splice site polymorphisms in many exons. As shown in Figure 3B , we plotted the maximum and minimum MAXENT 5 ′ splice site scores of each exon corresponding to its two alleles, but did not notice any difference in the magnitude of SNP-induced changes in 5 ′ splice site scores between these two groups of exons (Fig. 3B) . Based on this result, we hypothesized that the sequence context in surrounding exonic and/or intronic regions could play a major role in determining the impact of 5 ′ splice site SNPs on splicing. To confirm the importance of the surrounding sequence context, we conducted a series of minigene experiments using exon 2 of TRIM62 (NM_018207.2) and exon 2 of HMSD as our test models. In the TRIM62 exon, a G-to-T SNP (rs2306257) reduced the 5 ′ splice site score from 9.60 to 5.61, but did not cause any change in either endogenous or minigene splicing patterns (see Supplementary Material, Table S2 and Fig. 3C ). In the HMSD exon, the SNP reduced the splice site score from 10.65 to 7.79, which resulted in significant skipping of the exon ( Fig. 2A) . For these two exons, we cloned the entire exon and 500 bp from each side of flanking introns into the pI-11-H3 minigene reporter as our basic minigene constructs. We then swapped in a series of 5 ′ splice site 9-mers (three ′ splice site mutations has dramatically different impacts on splicing within two different exonic/intronic sequence contexts. In this experiment, we swapped in a series of 5 ′ splice site 9-mers (three exonic nucleotides and six intronic nucleotides) into the basic constructs of TRIM62 and HMSD, with a gradient of eight different splice site scores between 11.00 and 4.44. In all gel pictures, the number below each lane represents the percent exon inclusion level estimated by the fluorescently labeled RT-PCR. Asterisk denotes PCR products of unexpected sizes resulting from the usage of cryptic splice sites as confirmed by sequencing. 5 ′ ss, 5 ′ splice site.
exonic nucleotides and six intronic nucleotides) into the basic constructs of TRIM62 and HMSD, with a gradient of eight different splice site scores between 11.00 and 4.44 (see Supplementary Material, Table S4 for splice site sequences). These minigene constructs allowed us to observe the impact of the identical set of 5 ′ splice site mutations within two different exonic/intronic sequence contexts (TRIM62, HMSD). The serial reduction in the 5 ′ splice site score had little impact on the splicing of the TRIM62 minigene (Fig. 3C) . The exon was constitutively spliced with seven of the eight tested 5 ′ splice site 9-mers, which had a range of 5 ′ splice site scores between 11.00 and 5.61. Even with the weakest 5 ′ splice site tested (a score of 4.44), the inclusion level of the TRIM62 exon was still 98% with an additional minor transcript resulting from the usage of an adjacent cryptic 5 ′ splice site. In contrast, the reduction in the 5 ′ splice site score significantly affected the splicing of the HMSD minigene. While the minigene was constitutively spliced with a 5
′ splice site score of 11.00 or 10.65, the exon became alternatively spliced with an inclusion level of 92% when the splice site score was reduced to 9.60. Its inclusion level dropped to 18% with a 5 ′ splice site score of 8.40, and to 2% with a 5
′ splice site score of 5.61. With the weakest 5 ′ splice site (4.44), the exon was completely skipped (Fig. 3C) . These data provide experimental evidence for context-dependent effects of 5 ′ splice site polymorphisms.
Strong upstream 3
′ splice sites buffer 5 ′ splice site polymorphisms
To uncover the specific sequence context that contributed to the robustness to 5
′ splice site polymorphisms, we compared the surrounding splicing signals between 'splicing affected' and 'splicing unaffected' exons. We did not observe any difference in the density of exonic splicing enhancers (ESEs) and silencers (ESSs) [collected by Burge and colleagues (42, 43) , see Materials and Methods] between these two groups of exons (Fig. 4A) . However, we caution that due to our limited sample size (62 'splicing unaffected' exons versus 10 'splicing affected' exons), this result could not rule out the involvement of ESEs/ESSs. Also, our analysis considered all ESEs or all ESSs as a whole, while a single ESE or ESS may contribute to the robustness to 5
′ splice site polymorphisms in individual exons.
Interestingly, we observed a trend for stronger 3 ′ splice sites upstream of 'splicing unaffected' exons. For all exons in the 'splicing affected' or the 'splicing unaffected' groups, we scored the strength of their upstream 3 ′ splice sites using MAXENT. The median 3 ′ splice site score of 'splicing unaffected' exons was 9.4, compared with 7.8 for 'splicing affected' exons (Fig. 4A) . Although the difference between these two groups was not statistically significant (P ¼ 0.29, two-sided Wilcoxon rank sum test), possibly due to the relatively small sample size, the trend was consistent with previous studies suggesting coordinated evolution and compensatory effects between the 3 ′ and 5 ′ splice sites (44, 45) . To explore this observation further, we analyzed 12 862 highconfidence human constitutive exons which were 100% included in all human mRNA/EST sequences (see
′ splice site strength and the density of 5 ′ splice site SNPs ( Fig. 4B ; Spearman correlation coefficient rho ¼ 0.49, P ¼ 0.029). On the other hand, we did not find any correlation between the 5 ′ splice site SNP density and the strength of the 3 ′ splice site of the downstream intron (data not shown). This is consistent with the prevalence of the 'exon definition' model over the 'intron definition' model in the splicing of mammalian exons (44) .
To further confirm the role of the 3 ′ splice site in buffering 5
′ splice site SNPs, we selected exon 13 of CAST (NM_001750.5) and exon 2 of TRIM62 (mentioned above) for minigene experiments. For each exon, we made two basic minigene constructs corresponding to the two 5 ′ splice site alleles. We then introduced a series of mutations to gradually increase (or decrease) the 3 ′ splice site score (see Supplementary Material, Table S4 for splice site sequences), and examined the impact on exon splicing of the two 5 ′ splice site alleles. In exon 13 of CAST, a G-to-A SNP (rs7724759) reduced the 5 ′ splice site score from 11.11 to 7.68, causing a 50 -60% difference in the exon inclusion level between LCLs homozygous for the G allele and those heterozygous for the G/A alleles (Table S2 ). In the minigene experiment, the two basic minigene constructs corresponding to the G allele and the A allele had a difference in the exon inclusion level of 90% (Fig. 3A) . The 3 ′ splice site score of this exon was 5.40. Reducing the score of the 3 ′ splice site to 3.39 or 1.59 resulted in complete exon skipping of both 5 ′ splice site alleles (Fig. 4C) . On the other hand, when we strengthened the 3 ′ splice site, the inclusion levels of both 5 ′ splice site alleles increased, while the differences between the two alleles gradually decreased. For example, when we strengthened the 3 ′ splice site score to 8.84, the G allele (i.e. allele 1 in Fig. 4C) had an exon inclusion level of 100% while the A allele (i.e. allele 2 in Fig. 4C) had an exon inclusion level of 52%, a 48% difference. When the 3 ′ splice site score increased to 12.47, the differences in exon inclusion levels between the two 5 ′ splice site alleles decreased to 31% (Fig. 4C) . We also tested exon 2 of TRIM62, a constitutive exon whose splicing pattern was not affected by a SNP (rs2306257) that reduced the 5 ′ splice site score from 9.60 to 5.61. When we reduced the score of the 3 ′ splice site to ,5.93, the inclusion levels of both 5 ′ splice site alleles started to decrease, while there was a ≥20% difference in exon inclusion levels of the two alleles (Fig. 4D) .
Together, these experiments demonstrate that the strength of the upstream 3 ′ splice site could modify the influence of a given 5
′ splice site polymorphism on exon splicing. A strong 3 ′ splice site could facilitate exon recognition, thus buffering the effect of a polymorphism weakening the 5 ′ splice site.
The upstream 3 ′ splice site and downstream intronic poly-G runs function redundantly to protect a TRIM62 exon from its 5 ′ splice site polymorphism
Motif enrichment analysis also identified putative intronic splicing elements that could contribute to the robustness to 5 ′ splice site polymorphisms. We sought to identify putative motifs that were significantly enriched within the 100 bp intronic region downstream of the 'splicing unaffected' exons, using the 'splicing affected' exons as the control. Considering the relatively small number of exons in these two groups, we focused our analysis on putative trinucleotide motifs (i.e. 3-mers). Of all 64 trinucleotides analyzed, four had a Bonferroni-corrected P-value of ,0.05 (GGG, GAA, CCC, AGG; see Fig. 5A ). We noted that all four motifs resembled the putative binding sites of splicing regulators [GGG by hnRNP F/H (HNRNPH1 and HNRNPHF); GAA by Tra2 (TRA2A and TRA2B); CCC by hnRNP K (HNRNPK); AGG by hnRNP A1/A2 (HNRNPA1 and HNRNPA2B1) (46 -50) ]. Some of these motifs were previously demonstrated to stimulate splicing when located in introns (50, 51) . Strikingly, the most significantly enriched motif was the GGG trinucleotide (P ¼ 1.3e25), an intronic splicing enhancer recognized by the hnRNP F/H family of splicing regulators (52 -54) . Previous studies demonstrated that the GGG motif (also referred to as the poly-G run) enhanced exon inclusion when located downstream of intermediate or weak 5 ′ splice sites, especially within the window of 11-70 bp downstream of the exon-intron boundary (50) . Another enriched motif was the CCC trinucleotide (P ¼ 7.0e24). Several studies suggested a role of the CCC trinucleotide or C-rich sequences as intronic splicing enhancers downstream of the 5 ′ splice site (55 -57) .
To further assess the role of the enriched downstream intronic motifs (Fig. 5A) , we selected exon 2 of TRIM62 as the model for our detailed minigene analysis. As mentioned above, a SNP (rs2306257) reduced the 5 ′ splice site score of this exon from 9.60 to 5.61, but had no impact on the level of exon inclusion (Fig. 3C and Supplementary Material, Table S2 ). The 100 bp intronic region downstream of the TRIM62 5 ′ splice site was remarkably G-rich, containing a total of 10 poly-G runs each with at least three consecutive G nucleotides (denoted as G1 -G10, see Fig. 5B-C) . We set out to test whether these poly-G runs were important for the observed robustness toward the 5 ′ splice site polymorphism. In the two basic minigene constructs corresponding to the two 5
′ splice site alleles, we introduced a series of G-to-C substitutions to disrupt individual poly-G runs (Fig. 5B -C) . Surprisingly, the disruption of poly-G runs in the minigene constructs had no impact on exon splicing. After all the poly-G runs within the 100 bp downstream intronic region were disrupted, the minigene constructs containing the two 5 ′ splice site alleles both remained constitutively spliced (Fig. 5D, left panel) . Even when we deleted the entire downstream intron in TRIM62 and only kept the six intronic nucleotides within the 5 ′ splice site region for insertion into the minigene, the minigene construct containing the weaker 5 ′ splice site allele was still highly spliced with an estimated exon inclusion level of 98%.
We sought to elucidate why the site-directed disruption of poly-G runs was not sufficient to disrupt the robustness of this TRIM62 exon to its 5 ′ splice site polymorphism. We noticed that this exon carried a strong upstream 3 ′ splice site with a MAXENT score of 9.97. To assess the role of this strong 3
′ splice site, we made a new set of minigene constructs, in which the wild-type 3 ′ splice site was replaced by a much weaker 3 ′ splice site with a score of 5.93. With this weakened 3 ′ splice site, the minigene construct containing the stronger 5 ′ splice site allele remained constitutively spliced, while the minigene construct containing the weaker 5 ′ splice site allele became alternatively spliced with an exon inclusion level of 97-98% ( Figs 4D and 5D , right panel). In these minigene constructs, we again disrupted individual poly-G runs with G-to-C substitutions. In contrast to the results using the wild-type 3 ′ splice site, our minigene analysis using the mutant 3 ′ splice site revealed a strong impact of the downstream intronic poly-G runs on splicing of this TRIM62 exon. When the poly-G run closest to the 5 ′ splice site (i.e. G1, see Fig. 5B-C) was disrupted, the constructs containing the two 5 ′ splice site alleles had an exon inclusion level of 100 and 94% respectively, a 6% difference due to the 5 ′ splice site polymorphism (Fig. 5D, right panel) . Disruptions of additional poly-G runs reduced the exon inclusion level of both minigene constructs, and increased the difference between these two 5 ′ splice site alleles (Fig. 5D, right  panel) . For example, when we disrupted all the poly-G runs within the 70 bp downstream intronic region (G1 -G6), the constructs containing the two 5 ′ splice site alleles had an exon inclusion level of 96 and 51%, respectively, a 45% difference. When we disrupted all poly-G runs within the 100 bp downstream intronic region (G1 -G10), the two 5 ′ splice site alleles had an exon inclusion level of 79 and 20% respectively, a 59% difference. Similarly, we observed a 56% difference in the exon inclusion levels of these two 5 ′ splice site alleles when we deleted the entire downstream intronic region of TRIM62 and only kept the six intronic nucleotides within the 5 ′ splice site for insertion into the minigene (73 versus 17%; Fig. 5D, right panel) . To rule out the possibility that our minigene results were confounded by novel intronic splicing motifs created by the G-to-C substitutions in the downstream intronic region, we repeated all experiments by disrupting the poly-G runs with G-to-A substitutions, and obtained similar results (see Supplementary Material, Fig. S3 ).
To independently confirm the importance of the upstream 3 ′ splice site in controlling the dispensability of the poly-G runs, we used siRNA to knockdown the splicing factor hnRNP H (which recognizes intronic poly-G runs) (52 -54) and examined the splicing patterns of minigene constructs containing the wild-type or the mutant 3 ′ splice site. The efficacy of the siRNA knockdown was confirmed by real-time PCR and western blot analysis of hnRNP H (see Supplementary Material, Fig. S4A and B) . Consistent with the poly-G disruption experiments, the knockdown of hnRNP H did not alter the splicing of the minigene constructs containing the wild-type 3 ′ splice site (see Supplementary Material, Fig. S4C ). However, in constructs containing the mutant 3 ′ splice site, siRNA knockdown of hnRNP H resulted in a 24% difference in the inclusion levels of the stronger and weaker 5 ′ splice site alleles (96 versus 72%), as compared with a 5% difference after treatment by a control siRNA (see Supplementary  Material, Fig. S4C ).
Together, these results indicate that the upstream 3 ′ splice site and downstream intronic poly-G runs provide redundant mechanisms to confer robustness of this TRIM62 exon to its 5 ′ splice site polymorphism. Although the large array of poly-G runs downstream of the TRIM62 exon indeed functioned as intronic splicing enhancers, their activities were masked by a strong 3 ′ splice site at the upstream intronexon boundary. However, after the 3 ′ splice site was weakened, these poly-G runs became indispensable for protecting the exon from its 5 ′ splice site polymorphism ( Fig. 5 and see Supplementary Material, Figs S3 and 4) .
DISCUSSION
Genomic variations within cis splicing signals constitute a major source of alternative splicing events in higher eukaryotes (25) . In this work, we systematically surveyed genetic polymorphisms affecting the 5 ′ splice sites of seven human individuals from three ancestral groups (Asian, African and European). Using statistical modeling of the 5 ′ splice site signal, we analyzed extensive genotype data generated by the HapMap project and exome sequencing to identify 5 ′ splice site SNPs that significantly altered the strength of the splice site. Our RT -PCR analysis of the LCLs revealed 18 exons whose splicing patterns were strongly associated with the 5 ′ splice site genotypes in these seven individuals. While in some cases the SNP caused a moderate shift in the exon inclusion level (e.g. PLD2, see Fig. 2C ), we also found cases where the SNP resulted in an almost complete switch between exon inclusion and exon skipping (e.g. HMSD, see Fig. 2A ). Together, these data indicate that genetic variation within the 5 ′ splice site is an important contributor to transcriptome differences within and between human populations.
Although 5 ′ splice site recognition during pre-mRNA splicing is known to be influenced by exonic and intronic signals (4), whether and how the sequence context surrounding the 5 ′ splice site shapes genetic diversity of alternative splicing has not been investigated before. Our study reveals surprisingly widespread robustness to 5
′ splice site polymorphisms in human populations. Outside of the highly conserved GT dinucleotide, although all tested SNPs significantly reduced the 5 ′ splice site score, a very small fraction ( 14%) affected splicing. We demonstrated that the robustness to 5 ′ splice site polymorphisms was largely context dependent. For example, in our minigene analysis of exons in HMSD and TRIM62, we introduced the identical set of 5 ′ splice site mutations to the minigene constructs, and observed completely different consequences on the splicing pattern of the minigenes. Our detailed analysis of genomic sequences surrounding the 5 ′ splice sites reveals cis sequence signals that could buffer the reduction in the 5 ′ splice site strength, such as a strong 3 ′ splice site at the upstream intron -exon boundary, and intronic splicing enhancer motifs (particularly poly-G runs) downstream of the 5 ′ splice site. Consequently, exons lacking these signals are more susceptible to mutations within the 5 ′ splice site. Such knowledge should be valuable for prioritizing follow-up characterizations of 5 ′ splice site variants identified by targeted re-sequencing or whole-genome sequencing of patient samples.
Our study shows that natural variations of alternative splicing could reveal mechanisms of splicing regulation. Although the evolutionary conservation and genetic variation of genome sequences have been widely used to identify cis regulatory elements of gene expression and splicing (44, (58) (59) (60) (61) (62) (63) , a unique feature of our approach is that we directly correlate transcriptome variations with genome variations among human individuals. Despite the relatively small number of exons in our study, by comparing exons unaffected by 5 ′ splice site polymorphisms to exons affected, we were able to discover important signals that could promote exon recognition and compensate for the reduction in 5 ′ splice site activity. In principle, our approach is analogous to conventional molecular studies of splicing regulation, in which the importance of a given regulatory motif is assessed by introducing specific mutations to the minigene constructs of selected exons (64, 65) . However, a major strength of our approach is that it utilizes the existing variations in the human population. This allows for an unbiased assessment of various signals associated with efficient exon splicing, which cannot be achieved by exon-or motif-specific studies. For example, a variety of intronic motifs was previously shown to promote 5 ′ splice site recognition (4, 50, 66, 67) . In our study, the poly-G run was recognized as the most significantly enriched intronic motif downstream of exons robust to 5 ′ splice site polymorphisms. These data suggest a widespread role of the poly-G run in promoting the recognition of weak 5 ′ splice sites. In one exon (TRIM62), we found that different types of splicing signals (i.e. 3
′ splice site and downstream intronic poly-G runs) surrounding the 5 ′ splice site functioned redundantly to protect the exon from its 5 ′ splice site polymorphism. These data extend the current view of the 5 ′ splice sitedependent activity of downstream intronic poly-G runs (50) , and suggest that the importance of these intronic motifs is also determined by the strength of the 3 ′ splice site across the exon.
Our approach could be applied to SNPs affecting other types of splicing signals, such as the 3 ′ splice site (i.e. the acceptor site). However, the consensus sequence of the 3 ′ splice site is much longer and more degenerate (13) . As a result, a smaller percentage of SNPs significantly alters the strength of the 3 ′ splice site. In fact, in these seven individuals, we only found 145 SNPs that reduced the putative 3 ′ splice site score by at least 2, as compared with 334 SNPs in the 5 ′ splice site. Thus, a much larger panel of human individuals would be needed to obtain a sufficient number of exon -SNP pairs for studying context-dependent effects of 3 ′ splice site mutations.
It should be noted that the rapid advances in DNA/RNA sequencing technologies have greatly reduced the cost and improved the efficiency of genome-wide genotyping and transcriptome profiling (68) . For example, RNA sequencing has emerged as a revolutionary technology for transcriptome analysis (69) . Currently, RNA sequencing analysis of alternative splicing is still limited by false-negative and false-positive issues, with a strong bias toward the accurate discovery of splicing changes in highly expressed genes (69) . Nevertheless, we anticipate that future improvements in the capacity and cost structure of these technologies will lead to a much more comprehensive catalog of splicing variations among human individuals for diverse tissues and cell types. This work demonstrates that globally correlating splicing variations with genomic variations in human populations provides a powerful tool for deciphering the splicing codes of mammalian cells.
MATERIALS AND METHODS

Seven HapMap LCLs and retrieval of their genotypes
Seven HapMap LCLs whose exon regions were re-sequenced by the targeted capture technique (29) were purchased from the Coriell Institute for Medical Research (Camden, NJ, USA). These seven LCLs are of European (CEU: GM12156 and GM12878), African (YRI: GM18517, GM19129 and GM19240) and Asian (CHB/JPT: GM18555 and GM18956) ancestry. The eighth LCL (GM18507) sequenced by Ng et al. (29) was not available from Coriell at the time of our study, thus was not included in this work. A complete list of the seven LCLs is provided in Supplementary Material, Table S1 . All cell lines were cultured in Gibco RPMI 1640 containing 15% fetal bovine serum (FBS) (Invitrogen, Grand Island, NY, USA). Exponentially growing cells (viability was .85%) were harvested for RNA and DNA extraction.
The genotypes of the seven HapMap LCLs were obtained from the HapMap project (Phase II + III, February 2009, ftp ://ftp.ncbi.nlm.nih.gov/hapmap/) as well as the targeted capture and exome sequencing data set generated by Ng et al. (29) .
Collection of UCSC Known Genes exons and calculation of splice site scores
We collected 196 754 non-redundant human internal exons from the UCSC Known Genes database (70) . For each exon, its 3 ′ and 5 ′ splice sites were scored using the maximum entropy splice site model in MAXENT (13) . For 3 ′ splice sites, we analyzed 3 nucleotides in exons and 20 nucleotides in introns. For 5 ′ splice sites, we analyzed 3 nucleotides in exons and 6 nucleotides in introns.
Calculation of 5
′ splice site SNP density
We collected 12 862 high-confidence constitutive in exons in the human genome from the Alternative Splicing Annotation Project 2 (ASAP2) database (71), using a series of stringent filtering criteria as described before (72) . The SNP data were downloaded from the UCSC Genome Database (dbSNP 130, http://www.genome.ucsc.edu/) (41) . Only single-nucleotide substitutions were kept for the SNP density analysis. SNPs within the highly conserved GT dinucleotide position were excluded from the calculation of 5 ′ splice site SNP density.
ESE and ESS analysis
The density of ESEs or ESSs was calculated as the number of nucleotides covered by ESEs or ESSs divided by the total length of the exons. Two hundred and thirty-eight ESEs were downloaded from the RESCUE-ESE database (http ://genes.mit.edu/burgelab/rescue-ese/) (42) and 103 ESSs were downloaded from the FAS_ESS (FAS-hex3) database (http://genes.mit.edu/fas-ess/) (43).
Analysis of exon 1.0 array data
In our seven LCLs, five were previously profiled for gene expression by the Affymetrix exon 1.0 array (30, 31) . We used the exon array data to select genes expressed in LCLs for downstream splicing analysis. We downloaded the original CEL files of these five individuals (NCBI GEO: GSE7851) and calculated gene expression indexes using the background correction and iterative probe selection algorithms implemented in our GeneBASE program for exon 1.0 array analysis (73, 74) . We removed genes whose median gene expression indexes among five LCLs were ,250 from consideration in the splicing analysis. ′ or 3 ′ splice sites (annotated by UCSC) from this analysis. For each trinucleotide motif analyzed, the P-value was calculated based on one-sided Fisher's exact test of the number of motif-containing sites versus non-motif sites in the two groups of exons.
Fluorescently labeled RT -PCR
Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA). The RNA samples were first treated by DNaseI (Fermentas, Hanover, MD, USA), then subjected to reverse transcription using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). For each tested exon, we designed a pair of regular forward and reverse PCR primers targeting flanking constitutive exons using PRIMER3 (75) . A 22 nt universal tag sequence (5 ′ -CGTCGCCGTCCAGCTCGACCAG-3 ′ ) was added to the 5 ′ end of the gene-specific forward primer during oligo synthesis.
A fluorescently labeled universal primer (5 ′ -FAM-CGTCGCCGTCCAGCTCGACCAG-3 ′ ) was used as the third primer in PCR (76) . Then, regular PCR was carried out for 29 -35 cycles (optimized for each exon). The reaction products were resolved on 5% urea (7.5 M) -TBE or regular 5% TBE -PAGE gels. The signal was captured by Typhoon 9200 (Molecular Dynamics, Sunnyvale, CA, USA) and quantified using the Quantity One 4.6.2 software (Bio-Rad, Hercules, CA, USA). For exons whose splicing was altered by 5
′ splice site polymorphisms, we also used different passages of these seven cell lines and repeated the fluorescently labeled RT -PCR. Original gel pictures and RT-PCR primer sequences are shown in Supplementary Material, Tables S2 and S3. For RT -PCR products of unexpected sizes, we validated their identities by cloning (Invitrogen Zero Blunt TOPO PCR cloning kit) and sequencing (University of Iowa DNA facility).
Minigene construction and site-directed mutagenesis
We used the hybrid minigene construct pI-11-H3 (32) (kindly provided by Dr Russ P. Carstens, University of Pennsylvania, Philadelphia, PA, USA) for our minigene splicing assays. The In-Fusion TM Advantage PCR Cloning Kit was used to clone PCR products into vectors (Clontech, Mountain View, CA, USA). For the five exons from BC039374, TDG, CAST, DHRS1 and BC086863, we amplified the target exon and 150 bp from flanking introns. For the exons in TRIM62 and HMSD, we amplified the target exon and 500 bp from flanking introns for insertion into the minigene vectors. The primer sequences are listed in Supplementary Material, Table S3 . The QuikChange method (Stratagene, Amsterdam, Netherlands) was used for site-directed mutagenesis following the manufacturer's instructions. The identities of all mutant constructs were confirmed by sequencing (University of Iowa DNA facility, Iowa City, IA, USA).
Minigene splicing assay
HEK293 cells were grown in Gibco DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen). Cells were transfected by Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. RNA extraction and reverse transcription were done 20 h after transfection. Fluorescently labeled RT -PCR was carried out for 25-27 cycles. The signal capture and quantification were carried out as described above. All transfections were repeated independently at least twice. The universal primer sequences targeting flanking exons on the minigene construct are shown in Supplementary Material, Table S3 .
siRNA knockdown of hnRNP H (HNRNPH1)
We used double-stranded siRNA to knockdown hnRNP H (HNRNPH1). Synthetic duplex siRNA sequences for HNRNPH1 and negative control siRNA sequence were provided in (50) . Cells were harvested 72 h after co-transfection of the minigene and 20 nM siRNA with Lipofectamine 2000 (Invitrogen). Quantitative real-time PCR of hnRNP H was carried out by Power SYBR green PCR Master Mix (Applied Biosystems). Relative amounts of mRNAs were measured by the comparative Ct 2 −DDC t method (77) . ACTB was used as the internal control. Primers are listed in Supplementary Material, Table S3 . Total protein extract was analyzed by the NUGE w Bis -Tris Gel System (Invitrogen). HNRNPH1 (ab10374; Abcam, Cambridge, MA, USA) and ACTB (A5441; Sigma, St Louis, MO, USA) specific antibodies were used for western blot.
